Introduction
============

Localization is a complex peripheral and central skill that uses direction and distance and is formed at three planes: horizontal, vertical and front-back differentiation. This skill is important for spatial processing, simultaneous communication between multiple talkers, driving by car and biking \[[@b1-jao-2017-00192],[@b2-jao-2017-00192]\]. Spatial cues, including spectral notches that are produced by the outer ear and torso, are the main factors for vertical localization and front-back differentiation. Binaural cues (interaural time and intensity differences) are the main cues for horizontal localization. In fact, the combination of these cues creates a specific combined sign for each place in the space used by the listener for horizontal and vertical localization, front-back differentiation, distance perception and externalization \[[@b1-jao-2017-00192]-[@b5-jao-2017-00192]\]. Spatial hearing is considered one of the important aspects of human auditory processing abilities which is evaluated in children and elderly people by different tools \[[@b3-jao-2017-00192],[@b4-jao-2017-00192]\]. Interaural time difference (ITD) and interaural level difference (ILD) are crucial factors in horizontal sound localization. According to duplex theory, ITD is involved in low-frequency sounds, although ILD prepares the primary cues for locating high frequencies \[[@b2-jao-2017-00192]\].

It seems that by introducing a short-term auditory deprivaion (wearing an earplug), auditory physiology is modified in different ways \[[@b6-jao-2017-00192]\]. This phenomena have been investigated by acoustic reflex, Auditory Brainstem Response and loudness evaluation in human being \[[@b6-jao-2017-00192],[@b7-jao-2017-00192]\]. Animal studies also have shown the alteration of receptor trafficking at cochlear nucleus synapses after monaural conductive hearing loss \[[@b8-jao-2017-00192]\]. This study tries to simulate unilateral hearing loss in order to evaluate the effect of the intensity difference between two ears on low- and high-frequency perception. In fact, unilateral hearing loss or bilateral asymmetric hearing loss affects the horizontal localization ability, which has not been studied sufficiently in the audiology literature. Knowing about the effect of unilateral hearing loss on localization, seems to be an important task, because of the different similar situations in real life. These situations are observed more in younger population (like unilateral otitis media, single sided hearing loss, etc.).

This present study was designed to determine the effect of hearing asymmetry on localization. An earplug was used for simulating unilateral hearing loss. The localization performance of the individuals was evaluated at different azimuths and frequencies, before and after using the earplug. The localization deviation was then compared at different frequencies, and the importance of frequency in sound localization was investigated. The aim of this study was to define the effect of unilateral earplug utilization in the localization ability of normal hearing individuals at 0, ±30, and ±60 degree azimuths at different frequencies.

Subjects and Methods
====================

Participants
------------

This cross-sectional analytical descriptive study was carried out on 30 right-handed, normal-hearing adults (air conduction thresholds ≤20 dB HL) comprising 22 females and 8 males \[mean age: 25 years, standard deviation (SD): 3.16 range: 21-30 years\]. This study was performed between September and December 2016 at the department of Audiology, School of Rehabilitation, Shahid Beheshti Medical University in Tehran, Iran.

This study was approved by Institutaional Ethics Committee of Shahid Beheshti Medical University, Tehran, Iran (IR. SBMU.RETECH.REC.1396.277). Informed consent was ontained from all participants prior to their participation in the study.

Experimental procedure
----------------------

The participants were selected with the available random access method according to the inclusion criteria. Inclusion criteria included presence of normal hrearing at 500, 1,000, 2,000, 4,000, and 6,000 Hz, bilaterally (air conduction \<15 dB HL), age range between 18-30, right handedness, lack of the history of head truma and lack of cervical difficulties. The participants who were not able to do the instructions or those without enough motivation were excluded from this study. Written consent was first received from all participants. To define right-handedness, all participants completed an Edinburg questionnaire. An otoscopic examination was then performed to observe the external auditory canal and to evaluate the possibility of impacted cerumen. Audiometry was performed by a recently calibrated two channel audiometer (Midimate, GN Otometrics Co., Taastrup, Denmark) in the anechoic chamber, and hearing thresholds between 250 and 8,000 Hz were evaluated. The participants were then enrolled in the localization study. To perform the localization study, an audiometer (Midimate, Gn Otometrics Co.), 5 loudspeakers (Pejvak Ava Co., Tehran, Iran) and an amplifier unit (Pejvak Ava Co.) were utilized. This experiment was set up in a very silent room acoustically prepared for audiology tests. The speakers were placed on a metal arch in a way that one loudspeaker was placed on a zero degree azimuth and the 4 other speakers were placed at ±30 and ±60 degree azimuths. The chair was placed at the test point, which was exactly at the center of the one meter radius circle. The height of the speaker's base was adjusted so that the center of each speaker's diaphragm remained at the level of the external auditory meatus. A blindfold was used to eliminate the participant's vision during the localization test.

In the next stage, air-conduction audiometry was performed with narrow band noise stimuli centered at frequencies of 500, 1,000, 2,000, 4,000, and 6,000 Hz in order to define the threshold shift after occluding the ear canal. Audiometry was conducted two times, once without ear occlusion and the second time with both auditory canals occluded with foam earplugs (Bilsom 303L, Honeywell, Morris Plains, NJ, USA) \[[@b9-jao-2017-00192]\].

After 15 minutes of rest, the horizontal localization of sound was tested with and without ear canal occlusion. Narrow band noise was delivered at 35 dB SL from speakers situated at 0, ±30, and ±60 degree azimuths at a 1-meter distance and without vision help. To begin this stage, a headband with a focal laser lamp was placed on the head of participants, who were instructed to sit in a way that the laser light would be focused on the center of the diaphragm of the 0 degree speaker. Then, the participant was instructed to turn his/her head toward the source of the delivered sound. We performed some educational trials. In this stage of the study, two separate tests were performed with 15-minute intervals. The first test was localization with open ears, and the second was localization with the right ear occluded by an earplug.

In each part of the study, 3 stimuli were delivered in a nonsuccessive way from each speaker, and the exact degree on the graduated surface of the arch as confirmed by laser light and the oral answer of the participant ("yes...here") was recorded. Finally, in order to reduce the magnitude of errors the average of 3 sound deliveries from each speaker was calculated for 5 frequencies (500, 1,000, 2,000, 4,000, and 6,000 Hz) in both non-occluded and occluded states.

Notably, in this study 3 stimuli were delivered from each speaker at each frequency in each of two conditions (occluded and non-occluded) for each listener (5 frequencies×5 speakers×3 stimuli). Therefore, for each participant, 150 stimuli were delivered in total. This study was performed by one observer who was an expert audiologist. No missing value was observed during the study.

Statistical analysis
--------------------

The statistical analysis was performed by SPSS software ver. 16 (SPSS Inc., Chicago, IL, USA) and the *p*-value \<0.05 was considered as significant difference in this study.

Results
=======

First, in order to define the occlusion-induced threshold shift, the binaural occluded thresholds were subtracted from the non-occluded ones. The averages of threshold shifts at different frequencies are shown in [Fig. 1](#f1-jao-2017-00192){ref-type="fig"}.

To evaluate the threshold shift at different frequencies with respect to the normal distribution of data according to the Kolmogorov-Smirnov test, one-way analysis of variance (ANOVA) was utilized, and the results showed that the threshold shifts were not equal at different frequencies (F=26.53, *p*\< 0.001). The threshold shifts increased with the increasing frequency ([Fig. 1](#f1-jao-2017-00192){ref-type="fig"}). With respect to the post hoc test (Bonferroni), we found that the average of the threshold shift at each frequency was not significantly different with adjacent frequencies (calculating the SD at 0.95% interval), but it was significantly different than other frequencies (*p*\<0.001) ([Table 1](#t1-jao-2017-00192){ref-type="table"}). These results indicated that earplug efficiency in noise reduction was greater at higher frequencies; by using it unilaterally, interaural latency difference will seemingly be induced, especially at 4 kHz and 6 kHz.

The localization azimuth was then evaluated separately for "with earplug" and "without earplug" situations at different frequencies. The average and SD for the localization azimuth is shown for without earplug situation in [Table 2](#t2-jao-2017-00192){ref-type="table"}. Obviously, there is no data for the 0-degree column since the participants had no head movement when the signal was delivered from the 0 degree azimuth.

The average and SD for localization azimuth in the right-ear occluded situation at a all azimuths is shown in [Table 3](#t3-jao-2017-00192){ref-type="table"}. With respect to the normal distribution of data (Kolmogorov-Smirnov), a paired T test was performed to compare the localization azimuth in two situations. The results showed that for all frequencies at +30 and -60 degrees, the localization azimuth in the occluded right ear situation is significantly less than the nonoccluded situation (*p*\<0.001). At -30 degrees azimuth, there was no significant difference between frequencies of 500, 1,000, and 2,000 Hz (95% confidence interval) between two situations, but at frequencies of 4,000 Hz and 6,000 Hz, the localization azimuth is more negative in a right-occluded situation (*p*=0.01, 400 Hz/*p*=0.01, 6,000 Hz). At -60 degrees azimuth, the localization azimuth in the right-ear occluded situation is different from the non-occluded situation for 500, 1,000, and 2,000 Hz (*p*=0.003), and there is no difference at 4,000 Hz and 6,000 Hz. At 0 degree azimuth, one sample T test showed that the average of localization azimuth in rightear occluded situations is more negative at all frequencies and is increased by the frequency rising from 500 Hz to 2,000 Hz (*p*\< 0.001).

To evaluate the role of speaker azimuth and stimulus frequency in the localization function, a localization difference variable was used in two situations to evaluate the effect frequency and azimuth. With respect to the normal distribution of data (Kolmogorov-Smirnov), a one-way ANOVA was utilized. The results showed that the magnitude of deviation was dependent on the stimulus frequency and speaker azimuth. [Fig. 2](#f2-jao-2017-00192){ref-type="fig"} shows the average and variability range of localization difference in with- and without-earplug situations in relation to the frequency at different azimuths. The localization difference with and without the earplug is increased from 0 degree to speakers located on the right side, which might be due to right ear canal occlusion and its effect on horizontal localization.

Discussion
==========

Sound source localization is one of the most crucial abilities of auditory system and is necessary to implement and interpret spatial cues \[[@b10-jao-2017-00192]-[@b12-jao-2017-00192]\]. Spatial cues constitute factors such as frequency, sound intensity and the distance between the sound source and listener \[[@b13-jao-2017-00192]\]. ITD and intra-aural intensity difference, in relation to the distance between the right and left ear and the azimuth of the sound source to the head, are important for horizontal sound localization \[[@b2-jao-2017-00192]\].

This study targets the horizontal aspect of localization, which is related to ITD and ILD. Effected horizontal localization and associated deviation in sound source locating are expected in unilateral hearing loss and bilateral asymmetric hearing loss. Unilateral hearing loss is simulated in this study by inserting a foam earplug into the right auditory canal.

The magnitude of the threshold shift was not equal at different frequencies. The threshold shift ranged from 26.5 dB at 500 Hz to 43 dB at 6,000 Hz. Although according to post hoc results, the threshold shift of 1,000 Hz compared with adjacent frequencies i.e., 500 Hz (26.50) and 2,000 Hz (35.33 dB) were not significant at a 95% confidence interval but were numerically different. The threshold shift was significant for nonadjacent frequencies.

When comparing the present study data for earplug 303L and the producer company data, the average sound attenuation is less in the present study at 500 and 1,000 Hz frequencies, but for 2,000 Hz and 4,000 Hz, we found similar results.

Regarding sound localization, for the "without earplug" situation, the average azimuth was very close to the speaker's azimuth. For right-side speakers, the maximum deviation for the +30 degree azimuth was +1.90 and for the +60 degree azimuth was -2.72 (2,000 Hz). The cause of this amount of deviation is head and neck movement error, especially for the +60 degree azimuth. For the left side speakers, the maximum average deviation for the -30 degree azimuth was -1.52 (400 Hz) and for the -60 degree azimuth was +2.36 (1,000 Hz), which was also due to head and neck movement error. The SD of data is lower for [Table 2](#t2-jao-2017-00192){ref-type="table"} (without earplug) compared with [Table 3](#t3-jao-2017-00192){ref-type="table"} (right ear occluded with earplug), which confirmed the better localization accuracy of participants with true binaural hearing.

The effect of ear canal occlusion by earplug was not robust for left-side speakers ([Table 2](#t2-jao-2017-00192){ref-type="table"}), although for the zero azimuth and right-side speakers (+30, +60 degree azimuth), the localization differences were increased by frequency increments, which could be explained by the effect of ILD, especially at higher frequencies. These results are similar to those of Humes, et al. \[[@b10-jao-2017-00192]\] They investigated the sound localization skills for normal adults, normal children and children with unilateral hearing loss in the horizontal plane and found the apparent effect of frequency in all groups. In addition, the children with unilateral hearing loss showed reduced localization ability compared with adults at all conditions between 500 and 3,000 Hz. The greatest localization error was at 3,000 Hz. Gustafson and Hamill \[[@b14-jao-2017-00192]\], compared right- and left-ear occlusion with an earplug and concluded that, for 3,000 Hz warble tone, right-side occlusion has a greater effect on localization ability. A 64 degree of error was observed on the right side compared to a 58 degree of error on left side. By analyzing [Table 1](#t1-jao-2017-00192){ref-type="table"}, 3 in this present study, the localization error for a +30 degree speaker with right side occlusion at 200 Hz was 68.03 degrees and at 4,000 Hz was 68.08 degrees, which is close to the 64 degree error in the Gustafson and Hamil \[[@b14-jao-2017-00192]\] study.

It is clear that unilateral hearing loss reduces the horizontal localization ability in both sensorineural involvement \[[@b15-jao-2017-00192]\] and conductive impairment \[[@b11-jao-2017-00192],[@b16-jao-2017-00192]-[@b20-jao-2017-00192]\]. Häusler, et al. \[[@b21-jao-2017-00192]\] found that wide-band signal localization is not affected with long-term conductive hearing loss lower than 25 dB. They concluded that the results of localization by earplug utilization are similar to those in people who suffer from conductive hearing impairment with more than a 35 dB hearing threshold at high frequencies. In simulated hearing loss studies, the localization skill has improved over a long period of time \[[@b18-jao-2017-00192]\]. This has been true for unilateral simulated hearing loss individuals who have passed a localization training program \[[@b18-jao-2017-00192],[@b20-jao-2017-00192]\].

In a study by Irving and Moore \[[@b22-jao-2017-00192]\], sound localization training was investigated with and without unilateral occlusion (with earplug). They concluded that learning is able to improve localization gradually; they observed that, after removing the earplug, localization improved to the initial state. The positive effect of localization training is studied in even unilateral severe to profound hearing impaired people \[[@b6-jao-2017-00192],[@b23-jao-2017-00192]\].

Limitations
-----------

There were some limitations for conducting the present study. The Lack of an instrument for divided projection of signals into 5 speakers. The study was long lasting and the participants became tired. The lack of a sensitive laser sensor for automatic detection of the head movement localization.

Clinical application
--------------------

According to the results of this present study, unilateral conductive hearing loss degraded the horizontal localization ability which is part of spatial processing. Therefore treating the even small amounts of unilateral conductive hearing loss is critical to prevent spatial processing disabilities.

In conclusion, according to the results of this study, unilateral hearing loss or bilateral asymmetric hearing loss can cause ILD deviation and conclusive localization error in the horizontal plane, especially at higher frequencies. The direction of the sound source is also very important: in situations in which the sound source and the better ear have the same direction, less localization error is observed. Therefore, in unilateral hearing loss, localization error in the horizontal plane will increase.
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###### 

Post hoc test (Bonferroni) results of threshold shifts after earplug use between adjacent frequencies

  Frequency (Hz)   500    1,000   2,000   4,000   6000                               
  ---------------- ------ ------- ------- ------- ------ ------ ------ ------ ------ ------
  500                             1.84    0.28    1.84   0.00   1.84   0.00   1.84   0.00
  1,000            1.84   0.28                    1.83   0.24   1.83   0.00   1.83   0.00
  2,000            1.84   0.00    1.83    0.24                  1.83   0.01   1.83   0.00
  4,000            1.84   0.00    1.83    0.00    1.83   0.01                 1.83   1.00
  6,000            1.84   0.00    1.83    0.00    1.83   0.00   1.83   1.00          

SE: standard error

###### 

The average and SD of the localization azimuth in the "without earplug" situation for different frequencies and speaker azimuth

  Frequency (Hz)   Azimuth (degree)                                                            
  ---------------- ------------------ ------ -------- ------- ---- ---- ------- ------ ------- ------
  500              -58.11             1.53   -31.35   2.00    \-   \-   31.28   2.17   57.52   2.23
  1,000            -57.64             2.56   -31.39   1.71    \-   \-   31.49   1.91   57.93   1.80
  2,000            -59.12             2.77   -31.48   1.91    \-   \-   31.90   2.30   57.28   3.80
  4,000            -57.80             2.15   -29.52   11.41   \-   \-   31.28   2.23   57.79   1.93
  6,000            -58.38             1.80   -31.52   1.86    \-   \-   30.75   1.92   57.94   2.00

SD: standard deviation

###### 

The average and SD of the localization azimuth in the "with earplug" situation for different frequencies and speaker azimuth

  Frequency (Hz)   Azimuth (degree)                                                                      
  ---------------- ------------------ ------ -------- ------- -------- ------- -------- ------- -------- -------
  500              -54.04             6.63   -31.36   4.10    -13.91   12.67   1.07     24.56   9.18     33.40
  1,000            -49.78             8.86   -30.27   8.61    -14.58   14.99   -19.45   31.88   -12.61   34.24
  2,000            -54.88             4.74   -34.35   14.84   -30.75   8.58    -36.13   15.78   -34.66   17.39
  4,000            -57.54             3.24   -38.40   9.82    -37.07   9.71    -36.80   10.57   -35.55   20.49
  6,000            -57.98             3.82   -36.88   8.58    -31.59   16.31   -38.07   13.25   -38.78   18.84

SD: standard deviation
